. This spectrum suggests that the organics comprising SOAs from the Smoky Mountains natural aerosol also have functional group transformations similar to those in our laboratory isoprene and acrolein aerosols. We believe that these transformations are due to acid-catalyzed heterogeneous reactions, which are therefore a major contributor to SOA formation in natural systems.
Our results strongly suggest that inorganic acids, such as H 2 SO 4 , catalyze carbonyl heterogeneous reactions and consequently lead to a large increase in SOA production. Thus, both inorganic and organic constituents need to be considered for an accurate explanation of SOA formation. For example, we believe that scenarios for high SOA formation and high concentrations of atmospheric inorganic acids may be coincident. Additionally, biogenic and anthropogenic emissions of carbonyl species associated with photooxidation cycles are considerable. Processing these carbonyl compounds via particle-phase heterogeneous reactions constitutes a previously unstudied, and to date unquantified, source of global aerosol material. The importance of quantifying global aerosol mass is key to understanding the climate forcing properties of aerosols. Thus, the role of heterogeneous reactions in SOA formation needs to be considered in climate change prediction models. High-frequency observations of upper ocean particulate organic carbon variability show a near doubling of biomass in the mixed layer over a 2-week period after the passage of a cloud of Gobi desert dust. The temporal evolution of particulate organic carbon enhancement and an increase in chlorophyll use efficiency after the dust storm suggest a biotic response to a natural iron fertilization by the dust.
Marine phytoplankton biomass is replaced, on average, once every 1 to 2 weeks (1-3). Carbon products of photosynthesis (4) ϳ10 Pg C year
Ϫ1
. This process, commonly referred to as the ocean's "biological pump" (5, 6) , is important to the regulation of atmospheric CO 2 . The variability and linkages of the biological pump from surface to depth are poorly understood, because virtually all information on carbon dynamics within the upper kilometer of the ocean is derived from ship-dependent systems deployed for short periods of time (e.g., days to weeks).
Until recently, the use of optical instrumentation from drifting research platforms (7) and from deep ocean moorings (8) (9) (10) (11) (12) (13) (14) has been the only way to acquire long-term, uninterrupted high-frequency (hours or better), and depth-resolved time series measurements for detailed studies of biological and physical relations in the upper ocean on seasonal time scales. These observations provided clear documentation of a strong diurnal cycle in the abundance of particulate matter (7) and established the observational basis of an improved understanding of physical and biological process coupling in surface waters. Though ships and moorings are effective for deploying sophisticated instrumentation within regions or at individual sites, their costs limit their use for long-term monitoring on ocean basin or global scales.
The international program ARGO (15) has begun to seed the world's oceans with 3000 autonomous profiling floats to gather widespread temperature and salinity profiles and information on mid-depth circulation for investigation of the climate of the ocean. Such long-lived floats are designed to profile to the surface from kilometer depths once every 10 days over 5 years, and they have been already widely used to chart deep ocean circulation over basin scales (16) . A faster derivative of the ARGO-style float (17) has been developed and equipped to measure POC (18, 19) . Here we present carbon biomass variability of the North Pacific ocean obtained from first deployment of these floats, which we call Carbon Explorers (4).
Two Carbon Explorers were deployed from the U.S. Coast Guard ice breaker Polar Star in the subarctic north Pacific near Ocean Station PAPA (OSP; 145°W, 50°N) on 10 April 2001 (Fig. 1) . Each was programmed to surface from depth at dawn, dusk, and midday on a repeating 2-day cycle (4 ) to capture net dawn-to-dusk POC production as well as data coincident with overpass of the sea-viewing wide field-of-view sensor (SeaWiFS) ocean color satellite (20) . PAPA was chosen because its high-nutrient low-chlorophyll (HNLC) waters have been well characterized for POC and beam attenuation coefficient (c) variability (19) as part of the Canadian Joint Global Ocean Flux Study (C-JGOFS) (21) and because PAPA is one of few sites in the world with a multi-decade-long time series of ocean observations relevant to the biological pump (22) (23) (24) (25) .
The two Carbon Explorers returned virtually unbroken data streams over 8 months of operation from April to December 2001 (4). Our longest-lived float completed nearly 400 profiles by 24 December 2001, at which time its batteries ran out. In this analysis, we focus on Carbon Explorer records from the first 50 days when the two profiling floats drifted within 40 km of each other and returned virtually identical records of POC variability (Fig. 2) .
Throughout the first 50 days, the dawn mixed-layer depths ranged between Ͻ30 and 100 m (Fig. 2 ). There is a strong halocline at 100 m, suggesting isolation of the upper 100-m layer from beneath. POC is always highest in the surface mixed layer, and there is almost always a photosynthetic increase of POC in the mixed layer between dawn and dusk. The boundary between the particle-rich waters of the surface mixed layer and particle-poor waters below corresponds to the depth where the dawn profile potential density increases by 0.05 per mil (‰) relative to its surface value. This depth closely approximates the depth of greatest mixing during most days of the record and defines the "mixed layer" in discussions below.
A net photosynthetic production of POC in the mixed layer was recorded between dawn and dusk virtually every day throughout the observing period (Fig. 2, bottom) . The frequent return of the dawn POC to the previous day's morning values during many days of the record confirms the generally close balance between daytime primary productivity and day-long grazing in the waters at PAPA on a daily basis (24) . There were times when net POC production appeared to exceed grazing. Daily POC increases frequently reached values of ϳ0.5 M between days 110 and 118 (a 15% increase relative to dawn POC values); net gain over the following 30 days record averaged ϳ0.2 M (typically ϳ10% of dawn POC levels), exceeding 0.3 M only three times. Using the POC levels and dawn-dusk changes, we estimate a fast turnover time of POC in the mixed layer of 7 to 10 days. A natural consequence of the enhancement of rates of net POC production during days 110 to 118 is the observed build up of biomass in the mixed layer during those days.
The Carbon Explorers encountered two major storms in the first 50 days, when the mixed layer deepened rapidly to 100 m (Fig. 3) . Average POC concentrations in the mixed layer were ϳ2.1 M at the beginning of the study in April, typical of shipboard observations in 1996 and 1997 (19). Within 5 to 6 days after passage of the first storm (days 101 to 102), with thermal stratification, mixing depth shoaled to 50 m and POC began a steady increase over 10 days reaching peak levels of ϳ3.5 M by day 118. During the second storm (days 119 to 121), POC concentrations dropped again to ϳ 2.1 M due to progressive entrainment of POC-poor subsurface waters as the mixed layer deepened twofold to 100 m. Another brief 1-day wind event occurred on day 127. With restratification after the second period of stormy weather, there was a weak increase of POC to levels of ϳ2.5 M 10 days later (by day 136).
Photosynthetically active radiation (PAR) available for biological production in the water column varies with cloud cover, mixing depth, and particle concentration. Values fluctuating between 5 and 25 Wm Ϫ2 were calculated (26) for the mixed layer (Fig. 3B) . We identified two 10-day-long periods between storm events, centered on days 115 and 135, which had similar mixed layer stratification, high PAR, and constant salinity (32.60 Ϯ 0.005 ‰; Fig. 3C ). Yet these time periods had very different averaged mixed layer POC maxima (ϳ3.5 M and ϳ2.5 M), suggesting that hydrographic and insolation changes alone cannot explain the high POC after the first storm (at day 118).
The growth of phytoplankton in HNLC waters near PAPA is believed to be limited by the availability of iron for all or part of the time (22, 24, 27, 28) . Fe demand by phytoplankton near PAPA is estimated to be ϳ60 M Fe m Ϫ2 on an annual basis (28) . The total supply, 3 M Fe m -2 from upwelling and 25 M Fe m Ϫ2 from aeolian delivery (assuming an upper limit of 10% of the dust bourne Fe is biologically available), falls short of the demand by at least two times.
Correlative analysis of different but not temporally coincident biogeochemical time series observations near PAPA (22) suggest that dust from the atmosphere could be the major iron supply. Lateral iron delivery from the continental margin, generally a result of river runoff and redox processes in shallow marine sediments, could also be a source of Fe to PAPA. This was ruled out in the correlative analysis because drifters deployed with a drogue at 100 m moved from west to east consistent, with the general west-to-east flow of the subarctic current. Surface layer freshening is a mid-to late-summer occurrence at PAPA (23) and was evident also in C-JGOFS observations collected in 1996 (19) and in the Carbon Explorer records in late July-early August 2001. Of the two Carbon Explorers, SOLO1128, which traveled further east, observed a lower and earlier salinity decrease than SOLO1175. Mixed layer POC reached as high as 5.5 M in both Carbon Explorer records (not shown) with the peak coincident with the July-August arrival of a shallow 10-to 20-m-thick fresher layer with salinity ϳ0.1‰ lower than found at any other time of year. These observations suggest a likely summertime POC enhancement in response to seasonal continental runoff penetrating southwestward from the continental margin, with possible delivery of iron and micronutrients. However, with the mixed layer salinity remaining constant (within 0.005‰) between days 110 and 145, we rule out continental runoff as a contributor to the POC maximum near day 118.
The first storm (day 101 to 102) encountered by the Carbon Explorers was a dust storm from Asia. Many details of this event are similar to the dust storm events of April 1998 (29) . On 7 April 2001, the NASA TOMS satellite sensor recorded a large dust storm originating near the Gobi desert in southern Mongolia-northern China. The cloud of dust passed over Japan on 10 April (day 100), over PAPA on 12 and 13 April, and reached North America on 14 April 2001. The eastward decline of the TOMS aerosol index averaged for latitudes 50°to 52°N and longitudinal bands 165°to 155°W, 150°to 140°W, and 135°to 125°W suggests dust deposition to the oceans (Fig.  3A) . Deposition was further indicated by the apparent lack of spatial dispersion seen in composite satellite images of the dust cloud as it passed these longitudes.
Therefore, the major dust input was on days 101 and 102. The POC loading in the mixed layer started to increase 5 days later, and peaked after 2 weeks (Fig. 3D) . POC almost doubled between days 108 and 118. These higher values exceed, by a factor of two to four, the POC levels observed from ships in February of 1996 and 1997 and in May of 1996 (Fig. 3D) (19) . The timing of the POC increase is similar to that found in purposeful addition of iron to cold southern ocean waters (30) .
Chlorophyll retreivals by SeaWiFS (31) were sparse near PAPA during April and May 2001 due to nearly complete (Ͼ92%) obscuration of the sea surface by clouds. The 11 usable images show a 25% chlorophyll enhancement between days 110 and 118 (Fig. 3D) . Using Carbon Explorer and SeaWiFS observations, we estimate the POC/chlorophyll weight ratio for mixed layer particles to range between 60 and 80 :1 (g C/g chlorophyll). The highest POC/chlorophyll ratio of 80 occurred during White curve is mixed-layer depth calculated from the dawn Carbon Explorer profile using a potential density increase of 0.05 relative to the surface. Mixing variability was consistent with surface winds retrieved twice per day using the JPL/ QUIKSCAT instrument. Storms with winds persistently exceeding 25 knots occurred on days 101 to 102 and on days 119 to 122 and on day 127. Data contoured using GRI software. The "lock-step" nature of both records indicates that observed POC variability is a response to large scale forcing. (Bottom) Daily net growth or loss of POC calculated as dusk minus dawn POC averaged between the surface and depth of the dawn "mixed layer." Enhanced net growth rates occurred on days 114 through 118 approximately 2 weeks after Gobi desert dust passed over PAPA.
the POC peak on days 116 to 118 and remained near 60 throughout the second storm and stratification period. The high ratio during the first stratification period is consistent with greater efficiency in nutrient utilization and biomass production as a result of reduced iron stress (28), analogous to observations of increased photosynthetic competency with the reduction of iron limitation (32) . The Carbon Explorer and SeaWiFS observations are, therefore, strongly supportive of the hypothesis of enhanced marine productivity, and enhanced carbon biomass in the euphotic zone, i.e., "fertilization," in response to inputs of iron and other micronutrients from the Asian dust storm. Without Carbon Explorer observations before day 100, we cannot rule out definitively a preconditioning of the upper ocean that led to the enhanced bloom. However the POC/chlorophyll systematics strongly support an iron fertilization effect. It is evident that effects of the added Fe did not persist past 2 weeks, because there was only a weak growth of POC during the second 10-day-long stratification period.
Our observations of increasing POC levels following the likely natural fertilization of HNLC waters near PAPA indicates net photosynthesis increased faster than grazing and settling losses. The POC concentrations in deeper waters near 200 m show an increase near days 120 to 125 after the first surface POC maximum (Fig. 2) . However, we cannot attribute this to dust-induced enhancement of organic carbon export from the euphotic zone to the deep sea, because our Carbon Explorers were not equipped to measure particle fluxes and we cannot distinguish between grazing and particle loss in the existing data.
All previous reports of dust and biological enhancement have relied on opportunistic observations made from ships at sea for very short periods of time (33) (34) (35) . Strong dust events are highly episodic and affect the HNLC waters of the North Pacific near PAPA for a few days once every several years (22) . It was only through analysis of hundreds of weekly surface chlorophyll observations made from weather ships at PAPA from 1961 through 1976, statistical seasonal probability analysis of wind trajectories and probable dust source regions, and a correlative comparison with 1984 -89 records of carbon sedimentation at 3800 m that a very loose "link" was established between delivery of dust from the atmosphere and enhanced carbon export to the deep sea (22) . The two Carbon Explorers provided, for the very first time, direct continuous observations of the upper ocean biological response to episodic events such as dust inputs and ocean storms. They have proven to be capable of sustained, high-frequency observations of carbon biomass variability in the ocean for the greater part of 1 year, thus greatly increasing the probability of directly observing biological responses to such episodic events.
This observational study with two autonomous floats supporting physical sensors and two bio-optical sensors demonstrates a potential for studying the carbon cycle on basin scales and multi-year time scales as well as some of the difficulties. Because the main carbon-cycle variability occurs in depth and time and is markedly decreased at depth, a time series of profiles is both descriptive and helpful in removing sensor drifts such as those caused by biofouling. Low cost, year-round operation and an ability for proliferation make autonomous floats particularly well suited to augmenting satellite observations by working under cloud cover, describing vertical structure, colocating multiple measurements, and making measurements more accurately than is possible with remote sensors. In contrast, autonomous instruments are not suitable platforms for many sophisticated measurments that require tending, use large amounts of energy, or are subject to biofouling (even at reduced levels achieved in this study). Ultimately, the challenge of carbon-cycle study will be observing with acuity the broad range of interacting variables over large space and time scales. Extensions of the Carbon Explorer concept should contribute. Widespread evidence for human occupation of the Atacama Desert, 20°to 25°S in northern Chile, has been found from 13,000 calibrated 14 C years before the present (cal yr B.P.) to 9500 cal yr B.P., and again after 4500 cal yr B.P. Initial human occupation coincided with a change from very dry environments to humid environments. More than 39 open early Archaic campsites at elevations above 3600 meters show that hunters lived around late glacial/early Holocene paleolakes on the Altiplano. Cessation of the use of the sites between 9500 and 4500 cal yr B.P. is associated with drying of the lakes. The mid-Holocene collapse of human occupation is also recorded in cave deposits. One cave contained Pleistocene fauna associated with human artifacts. Faunal diversity was highest during the humid early Holocene.
Initial Paleoindian occupation of southern South America is found in the temperate rain forest at 14,600 calibrated 14 C years before the present (cal yr B.P.) (1, 2) , but apparently 2000 years later at ϳ13,000 cal yr B.P. (3) (4) (5) in the arid Atacama Desert and on the coast of Peru. Does this reflect migration lags, prohibitive late Pleistocene environments, or an incomplete archaeological survey of the vast desert? Was Pleistocene fauna still present when the first people arrived? And did people respond to Holocene climate change?
Here we provide evidence that late glacial and Holocene human occupation in the Atacama Desert was associated with climate change. We surveyed the most arid part of the 
